The cortex in spina bifida myelomeningocele (SBM) is atypically organized, but it is not known how specific features of atypical cortical organization promote or disrupt cognitive and motor function. Relations of deviant cortical thickness and gyrification with IQ and fine motor dexterity were investigated in 64 individuals with SBM and 26 typically developing (TD) individuals, aged 8-28 years. Cortical thickness and 3D local gyrification index (LGI) were quantified from 33 cortical regions per hemisphere using FreeSurfer. Results replicated previous findings, showing regions of higher and lower cortical thickness and LGI in SBM relative to the TD comparison individuals. Cortical thickness and LGI were negatively associated in most cortical regions, though less consistently in the TD group. Whereas cortical thickness and LGI tended to be negatively associated with IQ and fine motor outcomes in regions that were thicker or more gyrified in SBM, associations tended to be positive in regions that were thinner or less gyrified in SBM. The more deviant the levels of cortical thickness and LGI-whether higher or lower relative to the TD group-the more impaired the IQ and fine motor outcomes, suggesting that these cortical atypicalities in SBM are functionally maladaptive, rather than adaptive.
Introduction
The classical view of neurodevelopmental disorders attributed adverse cognitive and motor function to a generalized reduction in brain volumes and/or microcephaly. Consistent with this view, reduced total or regional brain volumes have been reported in anatomical MRI studies of 22q11.2 deletion syndrome (Eliez et al. 2000) , Angelman syndrome (Tan et al. 2011) , Down syndrome (Weis et al. 1991) , Fragile X syndrome (Kates et al. 2002) , and Rett syndrome (Subramaniam et al. 1997) . At the same time, anatomical MRI studies also show larger brain volumes in a number of disorders associated with poor functional outcomes. Cohen syndrome, an autosomalrecessive mental retardation, is associated with an enlarged midsagittal corpus callosum (Kivitie-Kallio et al. 1998) . Individuals with Turner syndrome have higher volumes of the superior and middle temporal lobe, which are associated with poorer performance on language tasks (Rae et al. 2004 ). Congenital amusia is associated with extra volume in the right inferior frontal gyrus and auditory cortex (Hyde et al. 2007 ). Individuals with autism show more radiate white matter in the primary motor cortex, an anomaly associated with motor impairment (Mostofsky et al. 2007) .
A range of studies demonstrate that regional brain size atypicality occurs at each end of the spectrum, with individual brain regions being variously smaller and larger relative to normative expectations. These studies, covering a variety of disorders, raise important questions about atypical cortical organization in neurodevelopmental disorders. One question is which brain regions develop as "too large" or "too small"? Another is whether different measures of brain size are congruent with each other (e.g. are measures of cortical thickness deviant in the same direction as measures of gyrification?). An important question is whether regional brain size deviance affects function and, if so, whether it does so at one or both ends of the deviance spectrum (e.g. is either a too large or too small brain region associated with poorer outcomes?). Aside from group differences, it is important to explore whether function varies with regional size variations within individual brains. Questions about cortical volume may be explored using measures of cortical thickness and gyrification, 2 distinct properties of cortical gray matter that contribute to overall cortical volume.
Cortical Development
Typical development of the cortex is characterized by an inverted U-shaped developmental trajectory of mean cortical thickness, with a period of initial increase peaking around middle childhood, followed by a decrease through early adulthood (Giedd et al. 1999; Giedd 2004; Gogtay et al. 2004; Shaw et al. 2008; Raznahan et al. 2011) . This cortical thinning is followed by a relative stabilization of cortical thickness in adulthood (Sowell et al. 2003; Shaw et al. 2008) . Gyrification describes the process by which the cortical surface folds to create gyral and sulcal regions. The development of gyrification begins prenatally; most cortical convolutions are formed during the third trimester of pregnancy (Armstrong et al. 1995) , with continuing small changes in gyrification throughout the lifespan (Mangin et al. 2010; White et al. 2010) . Emerging evidence suggests an inverted U-shaped developmental trajectory similar to that of cortical thickness, involving a moderate increase in global gyrification during early childhood followed by a gradual decrease in gyrification beginning at age 6 or earlier and continuing through adulthood (Magnotta et al. 1999 ; White et al. 2010 ; Raznahan et al. 2011) .
Cortical Thickness and Gyrification in Developmental Disorders
Cortical thickness and gyrification have been investigated in a wide variety of conditions involving aberrant brain development, including developmental, genetic, neurological, and psychiatric disorders. Regions of significantly thicker cortex have been reported in fetal alcohol spectrum disorder (FASD; Sowell et al. 2008) and Williams syndrome (Thompson et al. 2005) ; whereas regions of thinner cortex have been reported in adolescents born preterm (Nagy et al. 2010) , attentiondeficit/hyperactivity disorder (ADHD; Makris et al. 2007; Narr et al. 2009; Batty et al. 2010) , childhood-and adolescent-onset schizophrenia (White et al. 2003) , and temporal lobe epilepsy (Lin et al. 2007; Mueller et al. 2009 ). Concomitantly thicker and thinner cortical regions have been reported in 22q11.2 deletion syndrome (Bearden et al. 2007 (Bearden et al. , 2009 Schaer et al. 2009 ), autism spectrum disorder (Hyde et al. 2010; Jiao et al. 2010) , and Turner syndrome (Raznahan et al. 2010) .
Regions of higher gyrification have been reported in 22q11.2 deletion syndrome (Bearden et al. 2009 ), autism spectrum disorder (Awate et al. 2008) , children born preterm (Kesler et al. 2006) , and Williams syndrome (Thompson et al. 2005; Gaser et al. 2006) ; whereas regions of lower gyrification have been reported in ADHD (Wolosin et al. 2009 ), dyslexia (Casanova et al. 2004) , generic intellectual disabilities (Zhang et al. 2010) , obsessive-compulsive disorder (Wobrock et al. 2010) , and Turner syndrome (Raznahan et al. 2010 ). Regions of both higher and lower gyrification have been reported in schizophrenia (White and Hilgetag 2011) , and temporal lobe epilepsy (Lin et al. 2007; Voets et al. 2011) .
Despite the number of studies characterizing cortical thickness and gyrification, it remains unclear whether there is a consistent relation between the 2 cortical properties in either typical or aberrant brain development. Most studies examining the statistical correlation between cortical thickness and gyrification report no consistent relation in either aberrant conditions or typically developing (TD) comparison groups (Thompson et al. 2005; Lin et al. 2007; Bearden et al. 2009 ). Further, the functional consequences of variations in cortical thickness and gyrification are poorly understood. The direction of associations between cortical thickness and IQ appear to vary with age during normal childhood and adulthood (Sowell et al. 2004; Shaw et al. 2006; Narr et al. 2007; Karama et al. 2009 ). Only 1 study has reported a positive correlation between gyrification and IQ in a healthy young adult sample (Im et al. 2006) . In aberrant development, positive correlations between cortical thickness and cognitive outcome have been reported for 22q11.2 deletion syndrome (Schaer et al. 2009 ), schizophrenia (Hartberg et al. 2010) , FASD (Sowell et al. 2008) , dyslexia (Casanova et al. 2004 ), bipolar disorder (McIntosh et al. 2009 , and adolescents at risk for schizophrenia (Stanfield et al. 2008) ; whereas negative associations have been reported for children born preterm (Kesler et al. 2006 ) and adolescents and adults with temporal lobe epilepsy (Oyegbile et al. 2004 ).
Spina Bifida Myelomeningocele
Individuals with spina bifida myelomeningocele (SBM) provide an opportunity to explore whether there are upper and lower limits to cortical thickness and gyrification for optimal cognitive and motor function within individuals and between brain regions. As the most common severely disabling congenital birth defect affecting the central nervous system, SBM involves failure of neural tube development and an atypically organized brain (Barkovich 2005) . The Chiari II malformation affects the morphology of the cerebellum, and there is regional hypogenesis and/or hypoplasia of the corpus callosum (Barkovich 2005; Hannay et al. 2009 ). Quantitative MRI studies show reductions in regional gray and white matter with significantly higher volume of CSF (Fletcher et al. 2005 ) and compromised integrity of several long white matter pathways (Fletcher et al. 2005; Vachha et al. 2006; Hasan, Eluvathingal et al. 2008; Hasan, Sankar et al. 2008) . Of particular interest, emerging MRI studies show bidirectional anomalies of cortical thickness and gyrification in children and young adults with SBM relative to TD comparison individuals (Juranek et al. 2008; Juranek and Salman 2010) . Individuals with SBM have thicker cortex in frontal, superior parietal, and occipital regions, and thinner cortex in inferior parietal and temporal regions. Regions of higher gyrification include lateral frontal, inferior parietal, and posterior temporal regions, and regions of lower gyrification include the inferior frontal lobe and the medial surface of the parietal and temporal lobes.
The general objective of the present study was to investigate the relations between deviant levels of cortical thickness and gyrification with cognitive and motor function in individuals with SBM. Measures of IQ and fine motor dexterity were selected because they have been shown to be variably impaired in SBM and significantly related to quantitative neuroimaging area and volume brain measures (Fletcher et al. 2005) . We proposed the following hypotheses:
1. Individuals with SBM will have anomalous cortical thickness and gyrification at both ends of the size continuum, relative to the TD group. In agreement with earlier reports from our laboratory (Juranek et al. 2008; Juranek and Salman 2010) , we predicted that the SBM group would demonstrate: (a) significantly thicker cortex in frontal, superior parietal, and occipital regions; (b) significantly thinner cortex in inferior parietal and temporal regions; (c) significantly higher gyrification in lateral frontal, inferior parietal, and posterior temporal regions; and (d) significantly lower gyrification in the inferior frontal lobe and the medial surface of the parietal and temporal lobes. 2. Cortical thickness and gyrification will be significantly associated in individuals with SBM. Although little is known about the relation between cortical thickness and gyrification in either typical or aberrant development, we predicted that the 2 properties would be significantly associated in SBM, given possible common underlying mechanisms involving hydrocephalus and aberrant brain development contributing to their anomalous values. 3. In individuals with SBM, anomalous cortical thickness and gyrification will be associated with compromised cognitive and motor outcomes. Given reports of cognitive and motor impairments in other neurodevelopmental disorders associated with both too-large and too-small brains, we predicted that lower IQ and fine motor dexterity performance would be associated with anomalies at both ends of the cortical thickness and gyrification spectra. Individuals with SBM were born with myelomeningocele (verified by medical record review, including pathology and neurosurgical operative reports when available) and all were shunted for hydrocephalus. Additional clinical characteristics, including blinded radiological coding of anatomical features of SBM, are provided in Table 2 . As expected, the majority of individuals with SBM had a Chiari II malformation of the hindbrain with an anomalous corpus callosum. There were 6 exceptions: 1 participant had a Chiari I malformation and 5 participants with no identified Chiari malformation on radiological review had aqueductal stenosis, a possible mechanism of their hydrocephalus. As Table 2 demonstrates, the sample is representative of the population of individuals with SBM and hydrocephalus with most participants having lower level spinal lesions, 0-4 shunt revisions, no history of seizures, and impaired ambulation.
Materials and Methods

Participants
IQ and Fine Motor Dexterity Measures
All participants were administered the 4-subtest short form of the Stanford-Binet Intelligence Test, 4th Edition (Thorndike et al. 1986 ), from which a composite IQ score was generated. Test-retest reliability estimates of the 4-subtest composite range from r = 0.93 to r = 0.98 for age 8-23 years (Thorndike et al. 1986 ).
Fine motor dexterity was measured using the Purdue Pegboard Test (Tiffen 1968) . Requiring participants to place small pins into a perforated board as quickly as possible in 30 s time intervals, the Purdue Pegboard Test is consistently but variably impaired in individuals with SBM, likely because of the Chiari II malformation and the effects of injury to the white matter from hydrocephalus (Fletcher et al. 2005) . Test-retest reliability estimates for single-trial scores range from r = 0.63 to r = 0.82 (Tiffen 1968; Reddon et al. 1988 ). The z-scores for each hand were calculated by comparing each participant's performance with age-based norms (Lafayette Instruments 1999) and averaged to provide an estimate of overall fine motor dexterity. Five participants (4 SBM and 1 TD) did not complete the Purdue Pegboard Test because of time constraints (n = 2), family relocation (n = 1), or unknown reasons (n = 2). Group means for fine motor dexterity were imputed to prevent dropping of cases in mixed model and correlational analyses.
MRI Acquisition
High-resolution brain MR images were acquired on a Philips 3T scanner with SENSE (Sensitivity Encoding) technology (described in Juranek et al. 2008) . Whole-brain coverage was obtained through a 3D T 1 -weighted sequence following conventional sagittal scout and coronal T 2 -weighted sequences. Acquisition parameters of the 3D turbo fast spin-echo sequence were as follows: repetition time/echo time = 6.5-6.7/3.04-3.14; flip angle = 8°; field of view = 240 × 240 mm; matrix = 256 × 256; slice thickness = 1.5 mm; in-plane pixel dimensions (x, y) = 0.94, 0.94 mm; number of excitations (NEX) = 2.
MRI Processing
All scans were analyzed by a rater blind to IQ and fine motor dexterity scores, age, and gender (see Juranek et al. 2008) . T 1 -weighted images were reviewed for image quality prior to performing morphometric analyses. Using FreeSurfer v4.0.5 software (www.surfer.nmr.mgh. harvard.edu) on a 64-bit Linux computer, a fully automated process was used to skull-strip and segment each brain into 3 classes of voxels: gray matter, white matter, and CSF (Dale and Sereno 1993; Dale et al. 1999) .
Cortical thickness values were automatically quantified within FreeSurfer on a vertex-by-vertex basis by computing the shortest distance between the white matter boundary and the pial surface (Fischl and Dale 2000) . A fully automated algorithm for calculating 3D local gyrification index (LGI), a measure of gyrification, was also performed within FreeSurfer. Based on the method of Schaer et al. (2008),
LGI quantifies the amount of cortex buried within the sulcal folds Participants missing data for shunt revisions: n = 3; ambulatory status: n = 3; seizure disorder: n = 11; participants missing data were not included in percentage calculations.
relative to the amount of cortex visible on the outer surface of the brain such that higher values indicate greater gyrification.
LGI at each vertex of the pial surface is automatically computed in FreeSurfer through: (1) creation of an outer smoothed surface tightly wrapping the pial surface; (2) successive estimations of circular regions of interest (ROI) on the outer smoothed surface and their corresponding ROI on the pial surface; and (3) computation of the ratio between corresponding ROIs on the pial and outer smoothed surfaces. Figure 1 provides an illustration of the pial and outer smoothed surfaces used for LGI computation in SBM and TD brains. Within each hemisphere, 33 cortical parcellation units of the cortex were automatically identified and labeled according to the Desikan atlas of gyral-based definitions included within the Freesurfer automatic cortical parcellation routine (Desikan et al. 2006) . Boundary delineations for subcortical structures and cortical parcels were visually inspected using the FreeSurfer Tkmedit viewer and manually edited as needed before final quantitative analyses. Cortical thickness and LGI metrics were averaged across all vertices within each cortical parcellation unit for each participant, yielding 2 separate matrices of 33 average measurements per hemisphere per participant. For statistical analyses, cortical thickness and LGI values for each cortical parcellation unit in each hemisphere were extracted from FreeSurfer and analyzed in SAS v9.2.
Statistical Analysis
Following our previous approach (Juranek et al. 2008 ), group differences in cortical thickness and LGI were evaluated independently for each lobe (frontal, parietal, temporal, and occipital) and the cingulate cortex using a mixed model design with region (i.e. cortical parcellation unit; 10 in frontal, 6 in parietal, 9 in temporal, 4 in occipital, and 4 in cingulate) and hemisphere (left, right) as within subjects variables and group (SBM, TD) as a between subjects variable. Although groups were comparable in age and gender, analyses with and without age and gender as covariates were compared. Because the inclusion of age and gender did not significantly alter the results of group differences in cortical thickness and LGI, the covariates were trimmed from the models in order to preserve statistical power.
To examine possible relations between cortical thickness and LGI, Spearman rank-order partial correlations, controlling for age and gender, between the 2 cortical properties were examined in each hemisphere of all cortical regions in both the SBM and TD groups. Due to the exploratory nature of this analysis and the high number of correlations calculated, the magnitude of the associations was interpreted instead of p values.
Relations of deviant levels of cortical thickness and LGI with IQ and fine motor dexterity were examined using Spearman rank-order partial correlations, controlling for SES, in the SBM group only. For data reduction purposes, correlations were computed only in those regions demonstrating significant group differences ( p < 0.05) in cortical thickness or LGI. The inclusion of age and gender as covariates did not significantly alter the results of the partial correlations; therefore, they were trimmed from the analyses. We did not correct for multiple comparisons in order to reduce the probability of Type II error, and instead interpreted the magnitude of the associations and the pattern of results.
Results
Group Differences in Cortical Thickness
The mixed model analyses of cortical thickness yielded a significant region by hemisphere by group interaction for the temporal lobe, F(8,704) = 5.23, p < 0.001. The 3-way interaction was not significant in the remaining lobes or the cingulate cortex (all p > 0.05). To follow-up the significant 3-way interaction for the temporal lobe, we examined the region by group interaction within each hemisphere. The region by group interaction was significant within both the left, F(8,704) = 4.15, p < 0.001, and right, F(8,704) = 6.78, p < 0.001, hemispheres. These results indicate that the pattern and magnitude of differences in cortical thickness between groups varied significantly between cortical regions and between hemispheres. As a result, follow-up analyses in the temporal lobe consisted of simple effect comparisons of thickness between groups at each cortical region within each hemisphere.
To follow-up the non significant 3-way interactions in the frontal, parietal, and occipital lobes and the cingulate cortex, we examined the region by group interaction collapsing across the left and right hemispheres. The region by group interaction collapsing across hemisphere was significant in each lobe and the cingulate cortex (frontal: F(9,792) = 8.13, p < 0.001; parietal: F(5,440) = 22.82, p < 0.001; occipital: F(3,264) = 4.47, p = 0.004; cingulate cortex: F(3,264) = 34.96, p < 0.001). These results indicate that the pattern and magnitude of differences in cortical thickness between groups varied significantly between cortical regions, but the pattern was comparable in the 2 hemispheres. As a result, follow-up analyses in the frontal, parietal, and occipital lobes and the cingulate cortex consisted of simple effect comparisons of thickness between groups at each cortical region collapsing across hemisphere. the temporal lobe and collapsed across hemisphere for the other lobes and cingulate cortex. Figure 2 provides a visual representation of group differences in cortical thickness. Compared with the TD group, superior frontal and orbitofrontal regions of the frontal lobe, as well as the lateral and medial regions of the occipital lobe, were significantly thicker in SBM. Medial and lateral inferior parietal regions, as well as lateral superior temporal and medial temporal regions, were significantly thinner. The posterior cingulate regions were thinner in SBM, whereas the rostral anterior cingulate was thicker. Group differences in cortical thickness were bilateral with the exception of the right fusiform gyrus and the left temporal pole. Results are generally consistent with those previously reported (Juranek et al. 2008; Juranek and Salman 2010) .
Group Differences in LGI
The mixed model analyses of LGI yielded a significant region by hemisphere by group interaction for the temporal lobe, F (8,704) = 3.56, p < 0.001, and the occipital lobe, F(3,264) = 2.66, p = 0.049. The 3-way interaction was not significant in the remaining lobes or the cingulate cortex (all p > 0.05). To follow-up the significant 3-way interaction, we examined the region by group interaction within each hemisphere. For both the temporal and occipital lobes, the region by group interaction was significant within both the left (temporal: F(8,704) = 14.66, p < 0.001; occipital: F(3,264) = 20.09, p < 0.001) and right (temporal: F(8,704) = 6.78, p < 0.001; occipital: F(3,264) = 35.03, p < 0.001) hemispheres. These results indicate that the pattern and magnitude of differences in LGI between groups varied significantly between cortical regions and between hemispheres. As a result, follow-up analyses in the temporal and occipital lobes consisted of simple effect comparisons of LGI between groups at each cortical region within each hemisphere.
To follow-up the nonsignificant 3-way interactions in the frontal and parietal lobes and the cingulate cortex, we examined the region by group interaction collapsing across the left and right hemispheres. The region by group interaction collapsing across hemisphere was significant in each lobe and the cingulate cortex (frontal: F(9,792) = 33.46, p < 0.001; parietal: F(5,440) = 52.93, p < 0.001; cingulate cortex: F(3,264) = 21.45, p < 0.001). These results indicate that the pattern and magnitude of differences in LGI between groups varied significantly between cortical regions, but the pattern was comparable in the 2 hemispheres. As a result, follow-up analyses in the frontal and parietal lobes and the cingulate cortex consisted of simple effect comparisons of LGI between groups at each cortical region collapsing across hemisphere. Table 4 presents LGI values and results of simple effect comparisons. Figure 3 provides a visual representation of group differences in LGI. Large regions of significantly higher LGI in SBM were located in the middle frontal lobe and in the inferior parietal and supramarginal regions of the parietal lobe stretching down into the inferior temporal lobe. Significantly lower LGI in SBM was evident in the entire posterior medial surface of the brain, beginning superiorly in the superior parietal and lateral occipital cortices, spanning the medial surfaces of the parietal, temporal, and occipital lobes, and stretching inferiorly to affect the anterior superior regions of the temporal lobe and the inferior regions of the frontal lobe. Group differences in LGI were bilateral with the exception of the right fusiform, right entorhinal, left middle temporal, and left lateral occipital cortices. Results are generally consistent with those previously reported (Juranek and Salman 2010) .
Relations Between Cortical Thickness and LGI
Spearman rank-order partial correlations examining the relations between cortical thickness and LGI in all cortical regions, while controlling for age and gender, are presented in Figure 4 for both the SBM and TD groups. In the group with SBM, cortical thickness and LGI were negatively correlated in 59 of the total 66 cortical regions, indicating that higher cortical thickness was associated with lower LGI and lower cortical thickness was associated with higher LGI in the large majority of cortical regions. Association sizes of the negative correlations were small in 19 regions, medium in 28 regions, and large in 9 regions. Cortical thickness and LGI were positively correlated in 7 of 66 cortical regions in SBM, indicating that higher cortical thickness was associated with higher LGI and lower cortical thickness was associated with lower LGI in this small number of regions. Association sizes of the positive correlations were small in 3 regions and medium in 2 regions.
Correlations between cortical thickness and LGI were less consistent in the TD group. Cortical thickness and LGI were negatively correlated in 39 of the total 66 cortical regions, with 18 small, 13 medium, and 2 large association sizes. Cortical thickness and LGI were positively correlated in 27 of 66 cortical regions in the TD group, with 20 small, 3 medium, and 1 large effect sizes.
Relations of Cortical Thickness and LGI with IQ and Fine Motor Dexterity
Spearman rank-order partial correlations, controlling for SES, of cortical thickness with IQ and fine motor dexterity in the group with SBM were investigated in 6 regions of the left hemisphere, 6 regions of the right hemisphere, and in 18 regions averaged across left and right hemispheres, that showed significant group differences ( p < 0.05 in Table 3 ). Figure 5 plots correlation coefficients for regions that were significantly thicker or thinner in SBM. Of note, the direction of the relations of thickness with IQ and fine motor dexterity scores in the majority of regions appear to be related to whether the cortical region was thicker or thinner in SBM relative to the TD group. In 22 of the total 24 correlations computed for regions that were significantly thicker in SBM, cortical thickness was negatively correlated with IQ and/or fine motor dexterity, indicating that higher cortical thickness was associated with poorer cognitive and motor outcomes. In contrast, in 21 of the total 36 correlations computed for regions that were significantly thinner in SBM, cortical thickness was positively correlated with IQ and/or fine motor dexterity, indicating that lower cortical thickness was associated with poorer cognitive and motor outcomes. In terms of the strength of relations between cortical thickness and IQ, association sizes were small in 22 regions and medium in 2 regions. In terms of the strength of relations between cortical thickness and fine motor dexterity, association sizes were small in 20 regions and medium in 5 regions.
Spearman rank-order partial correlations, controlling for SES, of LGI with IQ and fine motor dexterity in the group with SBM were investigated in 10 regions of the left hemisphere, 10 regions of the right hemisphere, and in 14 regions averaged across left and right hemispheres, that demonstrated significant group differences in LGI ( p < 0.05 in Table 4 ). Figure 6 plots correlation coefficients for regions that were significantly more gyrified or less gyrified in SBM. Similar to the analyses of cortical thickness, LGI was positively correlated with IQ and/or fine motor dexterity in 40 of the total 48 correlations computed for regions that were significantly less gyrified in SBM, indicating that lower LGI was associated with poorer cognitive and motor outcomes.
LGI in the few regions that were more gyrified in SBM was unrelated to IQ or fine motor dexterity; of the total 20 correlations computed, 10 were positive, and 10 were negative, in direction. In terms of the strength of relations between LGI and IQ, association sizes were small in 17 regions and medium in 8 regions. In terms of the strength of relations between LGI and fine motor dexterity, association sizes were small in 20 regions and medium in 6 regions.
Discussion
The cortex is atypically organized in individuals with SBM (Juranek et al. 2008; Juranek and Salman 2010) . The present study explored the limits and functional consequences of atypical cortical organization by investigating relations of deviant levels of cortical thickness and gyrification with cognitive and motor function in children and young adults with SBM. Relative to a TD group, individuals with SBM had anomalous cortical thickness and gyrification at both ends of the size continuum, supporting the first hypothesis. Although some interactions involving hemisphere were statistically significant, the patterns across lobes and the cingulate cortex were generally bilateral, with interactions emerging because of small differences in magnitude in the temporal lobes for cortical thickness, and both the temporal and occipital lobes for LGI. Consistent with the second hypothesis, individuals with SBM exhibited generally significant and negative associations between cortical thickness and gyrification. As predicted by the third hypothesis, lower IQ and fine motor dexterity scores characteristic of SBM were associated with bidirectionally anomalous cortical thickness and gyrification. Whereas cortical thickness and gyrification tended to be negatively associated with cognitive and motor outcomes in cortical regions that were thicker or more gyrified in SBM, the associations tended to be positive in regions that were thinner or less gyrified in SBM. In effect, the more deviant the levels of cortical thickness and gyrification in SBM-whether higher or lower relative to the TD comparison individuals-the more impaired the cognitive and motor outcomes. Together, the results suggest that extremes of atypical cortical organization in SBM are functionally maladaptive, rather than adaptive.
The complex atypical cortical organization in SBM, involving aberrations in cortical thickness and gyrification, is likely principled in ways that are currently not well understood. Atypical cortical organization may be related to the variable effects of hydrocephalus and/or other disruptive developmental processes underlying the ontogeny of the cortical LGI. The higher mean between the 2 groups, and p < 0.05, are in bold.
LGI, 3D local gyrification index; SBM, spina bifida myelomeningocele; STS, superior temporal sulcus; TD, typically developing.
Cerebral Cortex October 2013, V 23 N 10 2363 malformations observed in SBM. In congenital hydrocephalus, the likely primary pathological mechanism is tissuedamaging mechanical forces from expansion of the ventricles causing gradual destruction of periventricular white matter axons (see reviews by Del Bigio 2004 . Our findings of lower cortical thickness and higher gyrification tracing the path of the lateral and third ventricles on both the lateral and medial surfaces of the brain highlight the possible contributions of hydrocephalus and disrupted underlying white matter connections to the cortex in SBM (a subcortical disconnection syndrome; Del Bigio 2010). Additional secondary reactive changes in congenital hydrocephalus might also contribute to aberrations in cortical development, including abnormal expression of trophic factors and/or reduced proliferation and migration of germinal cells away from the subventricular zone (Del Bigio 2004 . Findings in animal models of congenital hydrocephalus also provide support for disruption of cortical development (Hale et al. 1992; Kriebel et al. 1993; Kriebel and McAllister 2000) . Alternatively, or additionally, atypical cortical organization in SBM may involve underlying malformative processes that affect the development of white matter, which are distinct from the effects of hydrocephalus (Del Bigio 2010) . Diffusion tensor imaging of the association fibers in SBM shows higher transverse diffusivity values in SBM relative to TD controls, suggestive of long-term effects on myelination, including possible degeneration and failure of reparative mechanisms ). In addition, hypogenesis of the corpus callosum, which likely occurs prenatally in SBM, is difficult to explain as a mechanical effect of hydrocephalus and suggests additional malformative processes affecting the white matter (Barkovich 2005) . Although our findings provide evidence of extreme atypical cortical organization in SBM, it is difficult to separate the effects of hydrocephalus from longer term effects on white matter development. Because key congenital anomalies characteristic of SBM are typically not seen in individuals with other forms of congenital hydrocephalus, such as from aqueductal stenosis, quantitative neuroimaging evaluations in such populations would help to address these questions.
The negative association between cortical thickness and gyrification in SBM might suggest another mechanical process contributing to atypical cortical organization, whereby excesses or reductions in 1 cortical property compromise the level of the other cortical property in the same region, but in the opposite direction. For example, the cortex may be excessively gyrified in the inferior parietal and supramarginal cortices because the cortex is aberrantly thinned in these regions and, as a result, may fold more compactly. Emerging hypotheses concerning the cellular mechanisms underlying gyrification may also support the inverse relation of thickness and gyrification in aberrant conditions. The degree of cortical thickness appears to be determined, at least partially, by the number of underlying neural connections (Huttenlocher and Dabholkar 1997; Van Essen 1997; Chklovskii et al. 2004; Sur and Rubenstein 2005) , which may have an effect on the degree of gyrification; however, whether the relations between the number of underlying neural connections and the level of gyrification would be predicted to be an inverse relation remains under investigation (White et al. 2010) .
Our finding of a generally negative association between cortical thickness and gyrification in many cortical regions in the TD group is one of the first reports of a significant association between cortical thickness and gyrification in a TD sample. The relation between cortical thickness and gyrification was less consistent in this group relative to the SBM group, possibly because of the relatively smaller sample size (n = 26) of TD individuals. As a result, this finding will require confirmation in a larger sample. Our results add to previous findings of inconsistent results in TD individuals (Thompson et al. 2005; Lin et al. 2007; Bearden et al. 2009 ). Variability in results between studies may be attributable to the various methods by which the cortical properties (especially gyrification) were quantified, the various statistical methods by which their relation was analyzed, and our exploratory approach.
The present study answers the broad question about the functional significance of atypical cortical organization in SBM by demonstrating regions of atypical cortical organization that are associated with poorer, not better, function. More specifically, the study highlights bidirectional deviance in thickness and gyrification as a cause of poorer outcome. Our findings illustrate the "Goldilocks principle," recently applied to neurodevelopmental disorders by Dennis (2009) . Referencing the fairytale of a girl who entered the house of 3 bears, the Goldilocks principle is applied across many disciplines (including economics, astrobiology, and medicine) to explain optimal circumstances falling between less-optimal extremes. Applied to neurodevelopmental disorders, the principle proposes that brain development needs to be within homeostatic limits (e.g. "not too big, not too small, but just right") to support normative cognitive and motor functioning (Dennis 2009 ).
The Goldilocks principle may generalize to other disorders involving aberrant neurodevelopment. Evidence in support of the "too big" component of the Goldilocks principle has been reported in children born preterm (Kesler et al. 2006 ). Higher gyrification in the temporal lobes, relative to full-term comparison individuals, was negatively correlated with reading abilities in these regions. Evidence in support of the "too small" component of the Goldilocks principle has been demonstrated in individuals with bipolar disorder, in which reduced prefrontal gyrification, relative to comparison individuals, was positively correlated with IQ in this region (McIntosh et al. 2009 ). To our knowledge, however, the present study is the first investigation to show both positive and negative associations (i.e. "too small" and "too big") of either cortical thickness or gyrification with cognitive and motor outcomes that depend on the direction of the cortical deviation within a single disorder. Future research should investigate whether the same trends of cortical thickness or gyrification with cognitive and motor functioning are found in other conditions in which both excesses and reductions have been identified, such as in 22q11.2 deletion syndrome (Bearden et al. 2007 (Bearden et al. , 2009 Schaer et al. 2009 ), autism spectrum disorder (Hyde et al. 2010; Jiao et al. 2010) , schizophrenia (White and Hilgetag 2011) , temporal lobe epilepsy (Lin et al. 2007; Voets et al. 2011) , and Turner syndrome (Raznahan et al. 2010) .
To be sure, functional outcome is broader than the measures we have used in this study. Deviant levels of cortical thickness, gyrification, or some other neural property might be associated with aspects of intact cognitive and motor functioning not examined here. For example, word recognition-a strength in many children with SBM-was examined in a combined functional and volumetric neuroimaging study of children with SBM and TD children (Simos et al. 2011) . Despite comparable word recognition between groups, individuals with SBM showed lower activation in left supramarginal and bilateral angular gyri, as well as a trend for lower surface area/gray matter volume in the left angular gyrus, relative to a TD group. However, individuals with SBM also showed higher gyrification in the left superior and middle temporal gyri and in the left middle frontal gyrus. Higher gyrification in these regions was positively associated with outcome, and may also represent an atypical but effective basis for word recognition.
It is also unclear whether atypical brain organization principles are similar for cortical and infratentorial regions. For instance, the area of the midsagittal cerebellar vermis is expanded in those individuals with SBM who show preserved functionality of eye movements, whereas normative ranges of midsagittal cerebellar vermis area are associated with eye movement deficits (Salman et al. 2009 ). Future investigations should delineate directionally aberrant brain development in relation to a range of outcomes in SBM.
Given our exploratory analyses and the fact that we used a cross-sectional age design, it is not clear how far the present results can be generalized across cortical development. Future investigations in disordered or TD samples should examine the longitudinal trajectories of cortical thickness and gyrification in relation to cognitive and motor outcomes in order to provide a fuller understanding of their interrelations throughout development. LGI with IQ and fine motor dexterity in spina bifida myelomeningocele (SBM). CAC = caudal anterior cingulate. CMF, caudal middle frontal; FP, frontal pole; IC, isthmus cingulate; IP, inferior parietal; IT, inferior temporal; LO, lateral occipital; LOF, lateral orbitofrontal; MT, middle temporal; PCL, paracentral; PCN, pericalcarine; PH, parahippocampal; POP, parsopercularis; POR, parsorbitalis; PTR, parstriangularis; RMF, rostral middle frontal; SM, supramarginal; SP, superior parietal; ST, superior temporal; STS, superior temporal sulcus; TT, transverse temporal.
The present investigation provides significant new information about the functional significance of atypical cortical organization for a common neurodevelopmental disorder, and about the discordance between structure and function. We have shown that atypical organization of the cortex in SBM is extensive; that there is an inverse relation between cortical thickness and gyrification in several cortical regions of the brain in individuals with SBM; and that bidirectional deviations-too little or too much cortical thickness and gyrification-are dysfunctional. This underscores the fact that, in neurodevelopmental disorders, similar cognitive and motor outcomes may be the result of neuroanatomical mechanisms that differ between and within individuals. The broader implication of the data is that atypical cortical organization need not be universally adaptive, and structural adaptations need not always preserve or enhance functionality. While circuit plasticity in animals may rearrange brain connectivity after a brain lesion, the anomalous synaptic circuitry can also be responsible for permanent functional deficits (Schneider and Jhaveri 1974; Isaacson 1975; Schneider 1979; Goldman-Rakic 1980; Giza and Prins 2006) . The data reported here provide modern MRI evidence of this principle in human individuals with a neurodevelopmental disorder and add the important new information that bidirectional deviations, not just a loss or excess of neural tissue, may be associated with cognitive and motor dysfunction. 
